Abstract-A new type of thin silicon-on-insulator (SOI) p-n junction photodiode (PD) with gold (Au) line-and-space grating gate electrode is proposed and demonstrated to have high quantum efficiency (QE) at visible wavelengths. This PD is similar to our previous one in the use of the grating and the metal-oxidesemiconductor structure but is very different in the use of the separate binary grating instead of the continuous one and the thick gate oxide. As a result, the diffracted light from the grating efficiently couples with the lateral propagation mode in the SOI slab waveguide, leading to an external QE one order of magnitude higher than that without the grating. In addition, the importance of the proper setting of the gate and substrate biases is shown so as to realize the wide depletion region and resultant high QE.
I. INTRODUCTION

S
ILICON-ON-INSULATOR (SOI)
has advantages of highspeed operation and large voltage gain per electric charge for high-performance photodetectors because of the low parasitic capacitances. However, due to the small thickness, the sensitivity of the SOI photodetector is usually not high. As one approach to solve this problem, the surface plasmon (SP) antenna has been proposed to enhance the infrared light sensitivity of the Schottky-junction photodiode (PD) with small volume of silicon (Si) mesa structure [1] , [2] . We have also proposed a different kind of SP antenna for visible light detection with gold (Au) line and space (L/S) structure that can be applied to SOI metal-oxide-semiconductor (MOS) PD [3] . In this proposed structure, the p-n junction PD was electrically isolated from the metallic antenna by gate silicon dioxide (SiO 2 ) and featured small dark current. In the antenna, a continuous Au L/S grating was used to generate the SP polariton, the thickness of the Au in the space was reduced to about 30 nm to attain light coupling to the underneath Si, and the gate oxide thickness between the antenna and the Si was also reduced to 5 nm to best utilize the near-field light without causing electrical leakage. However, Manuscript received August 8, 2012 ; revised November 15, 2012; accepted December 13, 2012. Date of publication January 11, 2013; date of current version January 18, 2013. The review of this paper was arranged by Editor S. Ralph.
H. Satoh and H. Inokawa are with the Research Institute of Electronics, Shizuoka University, Hamamatsu 432-8011, Japan (e-mail: h-satoh@rie. shizuoka.ac.jp; inokawa06@rie.shizuoka.ac.jp).
A. Ono is with the Division of Global Research Leaders, Shizuoka University, Hamamatsu 432-8011, Japan (e-mail: daono@ipc.shizuoka.ac.jp).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TED.2012.2235069
experimentally, the performance of the proposed PD was poor mainly due to the conduction loss of the titanium (Ti) adhesion layer inserted under the Au antenna [4] . Even with a transparent adhesion layer of Si 3 N 4 , improvement was still not so high [5] , probably due to the insufficient surface quality of the thin Au film. In this paper, an advanced SOI-MOS PD with Au L/S grating is proposed. The structure appears similar to our previous one [3] but is very different in the use of the separate binary grating instead of the continuous one and the thick gate oxide, leading to the efficient coupling between the diffracted light from the grating and the propagation modes in the SOI slab waveguide. This approach is very similar to the use of a metal grating on a SOI wafer proposed by Crouse and Keshavareddy [6] . They described that a diffraction mode produced by the grating coupled into a waveguide mode in the top silicon layer of the SOI, with detailed consideration to various resonance mechanisms for enhanced quantum efficiency (QE). Our approach is different in that an insulator is inserted between the grating and the SOI to realize a MOS-type lateral p-n junction PD, and this also leads to better coupling and higher QE than that of Crouse and Keshavareddy.
The spectroscopic QE of the proposed PD is simulated first, the aforementioned mechanism is verified by comparing the theoretical dispersion relationship of the waveguide modes and the grating period-peak wavelength relationship, and the gate oxide thickness is optimized for higher QE. After that, the proposed PD is fabricated, the importance of the proper setting of the gate and substrate biases is noted, and the enhanced light sensitivity is demonstrated and discussed. Fig. 1 shows the proposed SOI-MOS p-n PD with separate Au L/S grating. The grating is more easy to be fabricated due to the one Au thickness, as opposed to the two different thicknesses in the previous structure [3] . The adverse effect of the Ti adhesion layer was minimized since it only exists under the Au line. This PD can be fabricated by the following steps. At first, the SOI thickness (t SOI ) of a commercial p-type SOI wafer is adjusted by oxidization and etching of Si. The initial impurity (boron) concentrations in the SOI and the substrate are both 1 × 10 15 cm −3 . In the second step, the SOI pattern with a width of W is delineated by photolithography and Si etching. Third, boron fluoride (BF respectively. Then, the thick gate oxide on the SOI layer with the thickness (t ox ) is formed by the oxidization of the SOI layer and SiO 2 deposition, and the contact holes are opened. Finally, the L/S grating and probing pads are formed by electron-beam lithography, Ti and Au evaporations, and liftoff. The gate oxide thickness is much larger than that of our previous structures [3] because of the different mechanism of the light coupling. The incident light enters normally to the PD surface. In this paper, the incident light is called transverse magnetic (TM)-polarized light when the L/S direction and magnetic field component coincide and is called transverse electric (TE)-polarized light when the L/S direction and electric field component coincide. Fig. 2 shows the top view of one of the fabricated devices, with the p − active area of L = W = 50 μm, and a scanningelectron-microscopy image of the grating with the period p = 300 nm and the line width w = 150 nm. Au L/S grating has a frame to obtain the electrical contact as a gate electrode. The polarizations (TM and TE) with respect to the direction of Au L/S grating are also shown in Fig. 2 . 
II. DEVICE STRUCTURE
III. DEVICE DESIGN BY FDTD CALCULATIONS
A. Conditions for FDTD Calculations
In order to optimize the structure for high light sensitivity, we perform the 2-D finite-difference time domain (FDTD) calculation [7] of our proposed SOI-MOS PD. To simplify the calculations, a unit periodic structure with grating period p is assumed as shown in Fig. 1 . The boundary conditions for computational space in the y-and z-directions are periodic boundary and absorbing boundary with the perfectly matched layer (PML) [8] , respectively. The discretized interval and time step are Δd(= Δy = Δz) = 1 nm and Δt = Δd/(2c 0 ) = 1.67 × 10 −18 s, respectively. Here, c 0 is the light speed in vacuum. In this paper, the complex relative permittivities with wavelength dispersion for the metals of Au and Ti are expressed by the Lorentz-Drude oscillator model as follows:
where ω is the angular frequency for the incident light, ω p is the plasma frequency, and k is the number of oscillators with frequency ω j , strength f j , and damping constant Γ j . In (1), the first and second terms are based on the Drude model formulation, and the third term is a multipole Lorentz model formulation. The Si and Ti parameters in this paper are summarized in Table I [9] . As our measured results showed hereinafter, these Au and Ti parameters are very useful for the wide optical wavelength range. The complex relative permittivity with wavelength dispersion for Si is expressed by the single-pole Lorentz model formulation as follows:
where ε ∞ is the relative permittivity at infinite frequency and ε s is the static or zero-frequency relative permittivity. ω p is the frequency of the pole pair, and Γ is the damping coefficient. The Si parameters, ε s = 12.7, ε ∞ = 8.3, ω p = 5.145 × 10 15 rad/s, and Γ = 5.145 × 10 13 rad/s, are obtained by fitting the experimental results of SOPRALAB [10] . Moreover, the relative permittivities for SiO 2 and vacuum are ε r = 2.13 and 1, respectively, which are independent of the wavelength [3] . The relative permeability μ r of all the materials is assumed to be unity.
The external QE, which is equivalent to the absorption efficiency in the SOI layer, can be predicted by subtracting the output power from the input power along the SOI boundaries, if the photogenerated carriers contribute to the photocurrents perfectly. The frequency (wavelength) response is obtained by performing the fast Fourier transformation to the results of the Gaussian pulse response in 2
19 sampling time steps of the FDTD calculations.
B. Design and Structural Optimization for Proposed SOI-MOS PD
In this section, spectroscopic QE is calculated to discuss the operation mechanism of the proposed PD. Primarily, the grating pitch dependence is evaluated in conjunction with the waveguide modes in the SOI. Since the unique feature of the proposed PD is that the grating is separated from SOI by the gate oxide, its thickness is optimized while the thicknesses of SOI, buried oxide (BOX) layer underneath the SOI, Au, and Ti are fixed at t SOI = 100 nm, t BOX = 400 nm, t Au = 80 nm, and t Ti = 5 nm.
The importance of the Au thickness optimization was pointed out by Crouse and Keshavareddy [6] from the viewpoint of the vertical surface resonance. Our calculation revealed that the QE was maximized in the subresonance region at t Au = 80 nm, although a slightly lower resonance peak could be found at 370 nm (data not shown).
The optimization of the BOX thickness is also very important as was pointed out by Crouse and Keshavareddy [6] since the proper choice at around the quarter wavelength results in reduced transmission and increased coupling to the SOI. The FDTD calculation revealed that the maximum QE could be found at t BOX = 200, 440 . . . nm for the present structure (data not shown). This time, the use of a commercial SOI with t BOX = 400 nm only reduced the QE from 62% to 59% and is acceptable, but t BOX may have to be customized depending on the target wavelength. Also, note that the optimized t BOX of 200 nm is away from the quarter wavelength of 120 nm, suggesting that more detailed interpretation is necessary.
In addition, the duty ratio of L/S grating is also fixed at w/p = 0.5. We choose this duty ratio for easier fabrication of L/S grating, although the QE peaks broadly at w/p = 0.7.
In the FDTD calculations, all the components of response in our proposed device, such as external QE, reflection, transmission, Au loss, and Ti loss, can be obtained [5] . Transmission is defined for the power component passing through the top boundary of the Si substrate, and the power component is eventually absorbed in the Si substrate and the PML absorber at the bottom boundary. For example, the spectroscopic optical response of perfectly periodic structure for TM-polarized light is shown in Fig. 3 , when p = 300 nm and t ox = 100 nm. A very sharp peak with high external QE can be obtained at the wavelength of 703 nm. The other components are significantly reduced only at the wavelength. Here, the grating period dependence of external QE for the range from p = 260 to 340 nm is considered as shown in Fig. 4 . This figure includes the result without the grating. Sharp peaks of external QE exist at the different wavelength range for each polarized light. It is also shown that the main peak wavelength can be controlled by the grating period for both polarized lights. In particular, for TM-polarized light, the main peak values of external QE are larger than those of our conventional SOI-MOS PD [3] - [5] . When p = 300 nm and the incident light is TM polarized, the enhancement factor, the ratio of QEs with and without Au L/S grating, reaches as high as 18 at the wavelength of 703 nm.
Such enhancement of external QE by Au L/S grating is caused mainly by coupling between the diffracted light from Au L/S grating and the SOI waveguiding mode. In order to analyze the coupling, the dispersion relation for the symmetrical slab waveguide with the 100-nm-thickness Si core and infinite-thickness SiO 2 claddings is estimated by the following transcendental equations [11] :
where
t core is the core thickness, and n core and n clad are the refractive indices for the core and cladding, respectively. λ g is the propagation wavelength in the core. The refractive indices for the core and cladding are set by the permittivities for Si and SiO 2 , respectively, as mentioned earlier. The comparison between the dispersion relation of the symmetrical slab waveguide with the 100-nm-thick Si core and infinite-thick SiO 2 claddings (lower and left axes) and the peak wavelength of each period (upper and right axes) is shown in Fig. 5 . By plotting the peak wavelengths of the external QE as a function of the grating period p, we can see that the peak positions coincide with the dispersion relation for each waveguiding mode. As a result, the sharp peak with high QE appears when the guided wavelength is nearly equal to the grating period. Thus, the enhancement of the external QE by Au L/S grating is caused mainly by the coupling between the diffracted light from Au L/S grating and the lateral propagation mode in the SOI waveguide. Applying this relationship, the peak wavelength can be estimated for various grating periods and SOI thicknesses. In the design for our proposed SOI-MOS PD, one more important parameter is the gate oxide thickness (t ox ) because the external QEs are sensitive for this parameter. Fig. 6 shows the external QEs with respect to the gate oxide thickness t ox for each incident polarization and each grating period. The optimized gate oxide thickness exists individually for each grating period corresponding to the peak wavelength because there is optimal coupling efficiency between the diffracted light and the waveguiding light for each grating period. For the grating period range studied this time, the optimized gate oxide thicknesses are much larger than that of our previous structures [3] .
IV. MEASURED EXTERNAL QE AND DISCUSSIONS
A. Gate and Substrate Bias Dependences
Since this grating is surrounded by a frame, all the gold lines of the grating are connected electrically. Thus, this grating can Fig. 7 . Schematic models of different external quantum efficiencies depending on conditions of depletion region. Solid and dotted arrows indicate detectable and undetectable light rays, respectively, due to position and volume of depletion region. The "acc." and "inv." represent "accumulated" and "inverted," respectively. work as the gate electrode for biasing the entire light sensitive area, i.e., the p − Si area. By applying bias voltages to this gate and the substrate electrodes, the position and the volume of the depletion region can be controlled to maximize the external QE. The schematic models are shown in Fig. 7 . If no biases are applied for the neutral condition, carrier distribution is expected as shown in Fig. 7(a) . In this case, the external QE becomes low due to the small volume of the depletion region in the p − active area. On the other hand, when appropriate bias voltages are applied to these two electrodes, the volume of the depletion region and external QE can be maximized as shown in Fig. 7(b) . In this example, the top Si area at the gate oxide/SOI interface is accumulated ("acc." in Fig. 7 ) by the negative bias voltage applied to the gate electrode, and the bottom Si area at the SOI/BOX interface is inverted ("inv.") by the positive bias voltage applied to the substrate electrode. When the top Si area is inverted and the bottom Si area is accumulated, the external QE can be also maximized. In the later two cases with large QE, the electric field in the depletion region becomes vertical, and the carrier transit time becomes smaller due to the small thickness of the SOI. However, the operation speed is then limited by the large depletion layer capacitance and the series resistances of the inversion and accumulation layers. Fig. 8 shows the measured dark current and the external QE as a function of substrate voltage V SUB with various gate voltages V G for the 680-nm-wavelength and TM-polarized light where the fabricated PD can attain the maximum external QE. The dark current seems to reflect the volume of the depletion region and, also, to be affected by the high electric field between the accumulation layer and the n + cathode and the inversion layer and the p + anode. In the calculation of the external QE, the dark current is subtracted from the current under the illumination to obtain the net photocurrent.
When the gate voltage is V G = −15 V, for example, the maximum external QE of 25% can be obtained in the region of the substrate voltage V SUB from −10 V to 40 V. Also, when the gate voltage V G is from 0 V to +15 V, the maximum external QE can be obtained near V SUB = −40 V. The neutral point is shifted to around V SUB = −22 V probably due to the unexpected charging effect during the fabrication process. Based on the results, the bias voltages of V G = −15 V and V SUB = +10 V are used hereafter. Fig. 9 shows the spectroscopic external QE for (a) TM-and (b) TE-polarized lights. In the case without Au L/S grating, there is a peak with relatively high external QE at the wavelength of 435 nm due to the high absorption coefficient of Si for the shorter wavelength region and the interferences in the multilayered structure. However, the external QE becomes small in the wavelength range longer than 500 nm. With Au L/S grating, the enhancement effects can be observed in the wavelength range from 650 to 750 nm for TM-polarized light and from 560 to 600 nm for TE-polarized light. In particular, the external QE reaches as high as 25% at the wavelength of 680 nm for TM-polarized light, when the grating period is p = 300 nm. In this case, the enhancement factor is 8.2.
B. Spectroscopic External Efficiencies for TM-and TE-Polarized Lights
Moreover, these peak wavelengths for both polarized lights can be controlled by the grating period p. Such property is caused by the coupling between the diffracted light from the Au L/S grating and the SOI waveguiding mode. Thus, the peak wavelengths for TM-and TE-polarized lights are different even for the same grating period p as explained previously. Fig. 10 shows the external QE as a function of the polarization angle of incident light at the wavelength of 680 nm. This is the peak wavelength for TM-polarized light when p = 300 nm. The PD without Au L/S grating does not show polarization dependence. On the other hand, the polarization dependence can be observed with the Au L/S grating. The external QE is enhanced by Au L/S grating in the polarization angle range from 0
C. Polarization Angle Dependence
• to 70
• . In this case, the rejection ratio for TE-polarized light reaches 46. If the external QEs for TM-and TE-polarized lights (η TM and η TE , respectively) are known, the polarization angle dependence of the external QE can be obtained by the following equation:
The fitting curve is drawn by substituting the measured external QEs for TM-and TE-polarized lights corresponding to the polarization angles θ = 0 • and 90 • , respectively, in Fig. 10 . The measured external QEs are almost on the fitting curve. In addition, from the measured external QEs at θ = 0
• and 90 • , the one for randomly polarized light can be estimated from the following formulation: 
In the case of our fabricated PD with p = 300 nm, the external QE of 13.1% for randomly polarized light at the wavelength of 680 nm can be expected from the measured results in Fig. 9 .
V. CONCLUSION
A new type of SOI-MOS PD with separate Au L/S grating and thick gate oxide was proposed, which realized remarkable enhancement in sensitivity even for the thin SOI layer and featured wavelength and polarization selectivities. The enhancement of the external QE could be obtained mainly by the efficient coupling between the diffracted light from Au L/S grating and the lateral propagation mode in the SOI waveguide, as was manifested by the fact that the grating period-peak wavelength relationship coincided well with the theoretical dispersion (propagation and free-space wavelengths) relationship of the SOI slab waveguide modes. Experimentally, it was demonstrated that an external QE as high as 25% could be attained with the 95-nm-thick Si layer at the wavelength of 680 nm for TM-polarized light. In addition, it was found that the negative gate bias to accumulate the top Si surface and the positive substrate bias to invert the bottom Si surface, and vice versa, were necessary to realize the wide depletion region and resultant high QE, and the polarization angle dependence of the QE could be reproduced by summing the respective responses for TM and TE components of the incident light [as described in (4)]. Considering the enhanced sensitivity and unique features described earlier, the proposed PD would be of great use, particularly when it is integrated with advanced SOI-based LSIs.
